Introduction 56
Lameness is one of the most important performance limiting manifestations of a medical 57 problem in horses with important financial consequences [1, 2, 3] . Lungeing on different 58 surfaces is often part of a lameness examination, aiding decision making [4] . When visually 59 assessing lameness even experienced observers often disagree [5] . Inertial measurement units 60 (IMUs) can now accurately quantify movement symmetry (MS) parameters [6, 7] and are 61 practical for use during the clinical lameness examination [8,9,10,] quantifying important 62 lameness parameters such as head nod [11] and hip hike [12] . 63 64
Adaptations in sound horses and links to the lameness examination 65
On the lunge, the centripetal force produced by both inside and outside limbs [13] renders 66 movement of sagittal plane landmarks asymmetrical [14, 15] with body lean angle towards the 67 inside of the circle [16] increasing with increasing speed and decreasing circle radius [14] . 68
Clinically, lungeing on different surfaces helps discriminating between different causes of 69 lameness [4] . The systematic adaptation of a horse's MS on the lunge -increased head 70 downward movement during outside forelimb stance and increased movement amplitude of 71 the inside tuber coxae during outside hind limb stance [14, 15] -may contribute to the clinical 72 usefulness of lungeing by exacerbating asymmetries over the perception threshold [17] . 73
However, quantitative evidence with respect to differences between hard and soft surfaces -74 clinically used to discriminate between different causes of lameness -is to date not available. 75
76

Adaptations in horses with induced lameness 77
When inducing lameness in horses on the lunge [18] with a screw-shoe model [19] , forelimb 78 lame horses show the most pronounced effects when the lame limb is on the outside of the 79 circle, the limb with which sound horses produce the highest peak forces [13] . For induced 80 hind limb lameness the most pronounced change in MS is observed with the lame limb on the 81 inside, resulting in a summation of circle-dependent effects [14, 15] and the effects of induced 82 lameness. Compensatory head movement as a reaction to inducing hind limb lameness 83 mimics ipsilateral forelimb lameness (similar to what is observed on the straight), [20] while 84 compensatory pelvic movement as a reaction to induced forelimb lameness mimics mixed 85 ipsilateral and contralateral hind limb lameness [18] . 86 87
Study aims 88
Mobile gait analysis systems now allow quantitative assessment of movement patterns under 89 a variety of conditions. Clinically, quantifying locomotor adaptations to circular motion in 90 horses with defined diagnoses will help establish evidence-based decision strategies. 91
Here we address a question with relevance for both scientific studies and clinical lameness 92 examinations: do horses that are perceived to be symmetrical (moving symmetrically on the 93 straight with asymmetry around/below the limits of human perception; <25%: [17] ) adapt 94 differently to lungeing on hard and soft surfaces than horses falling just outside the normal 95 range? The aim of this study was to quantify the effect of lungeing on vertical head and pelvic 96 MS when trotting on a hard compared to a soft surface. We hypothesized that, compared to 97 horses whose motion is quantifiably symmetrical on the straight, mildly forelimb lame horses 98 will show characteristic differences in MS between surface/rein combinations with decreasing 99 MS on the hard surface. 100
101
Materials and Methods 102
Horses 103
Twenty seven general riding horses of different breeds (body height: 1.28-1.73 m, median: 104 1.6 m; body mass: 363-603 kg, median: 500 kg) were enrolled in this study. All horses were 105 in regular exercise and were deemed sound by their owners/riders at the time of data 106 collection. The two data collection locations each had a riding arena with a rubber and a sand 107 surface respectively ('soft surface') and a flat concrete surface ('hard surface'). 
Data collection protocol 117
All horses were trotted in-hand in a straight line and lunged on a circle of 10 m diameter 118 (marker placed on the lunge line), on both reins. Horses were trotted at their preferred speed 119 on both hard and soft surfaces, subjectively aiming (counting steady-state strides -the horse 120 trotting at constant speed and circle radius -during data collection) to collect a minimum of 121 15 continuous strides for each rein. We investigated head and pelvic MS in two groups of horses trotting on the lunge on hard and 215 soft surfaces. In the absence of a gold standard for defining soundness when the horse is on 216 the lunge, the horses were categorized into symmetrical and forelimb lame based on 217 quantitative MS measured during straight-line trot based on thresholds established from 218 published data from clinically sound horses [11] . The measure used here for this purpose (SI) 219 normalizes the quantified differences between the two halves of the stride to the overall range 220 of motion observed for each landmark. As a consequence, this measure appears to be less 221 affected by horse size -which was different in this study and the cited study from which the 222 threshold was derived [11] -however, further studies should investigate the effect of horse 223 size on different movement symmetry measures. 224
The nine symmetrical horses showed asymmetry patterns that are consistent with previously 225 published data collected with full six degree of freedom IMUs for vertical movement [14, 15] . 226
In these horses, none of the MS measures showed significant differences between surfaces or 227 
Classification of horses based on straight line movement based on threshold values 295
Twenty-seven horses in regular exercise and judged sound by their owners/riders were 296 recruited into the study. Objective MS assessment during trot in-hand revealed that only nine 297 horses were within 'normal limits' based on previously published research [11]: we used 18% 298 (0.82<SIpoll<1.18) and 17% (0.83<SIpelvis<1.17) as cutoff values. These thresholds are also 299 consistently below the suggested threshold of 25% for human perception of movement 300 asymmetry [17] . 301
The low number of horses found within normal limits poses the question whether the current 302 thresholds need refining and whether in principle a quantitative assessment just based on 303 straight line measurement is suitable as an inclusion/exclusion criterion in scientific studies. 304 Similar to what is done in a clinical lameness examination, horses should hence be -305 whenever feasible -also assessed on the lunge when objective gait data is used as an 306 inclusion/exclusion criterion. Regardless of whether in-hand or on the lunge, theoretically, 307 thresholds should be based on minimal important differences (MIDs) [27] derivable from 308 long-term studies investigating changes in diagnosed conditions. In a first step -since MIDs 309
are not yet available -and despite known limitations [27] reference values [28] derived from 310 a larger number of 'normal' subjects, should be used. Interestingly, a recent study with IMUs 311
[29] presents more stringent thresholds for in-hand assessments: 6 mm for head movement 312 and 3 mm for pelvic movement, i.e. 6 to 9% or 3 to 5% again based on an assumed movement 313 amplitude of 70 to 100 mm [11]; as a result more horses would have been categorized as lame 314 in this study. 315
316
Lameness or handedness? 317
Ultimately -independent of whether in-hand or on the lunge -it needs to be investigated how 318 much asymmetry is related to pain and hence constitutes a lameness and how much 319 asymmetry is related to handedness of the horse or asymmetrical handling or riding [30] [31] [32] [33] . 
